If excision repair-proficient human cells are allowed time for repair before onset of S phase, the premutagenic lesions formed by (±)-7j3,8a-dihydroxy-9a,10a-epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene (benzo[alpyrene diol ep-oxide, BPDE) are lost from the transcribed strand of the hypoxanthine (guanine) phosphoribosyltransferase (HPRT) gene faster than from the nontranscribed strand. No change in strand distribution is seen with repair-deficient cells. These results suggest strand-specific repair of BPDE-induced DNA damage in human cells. To test this, we measured the initial number of BPDE adducts formed in each strand of the actively transcribed HPRT gene and the rate of repair, using UvrABC excinuclease in conjunction with Southern hybridization and strand-specific probes. We also measured the rate of loss of BPDE adducts from the inactive 754 locus. The frequencies of adducts formed by exposure to BPDE (1.0 or 1.2 FIM) in either strand of a 20-kilobase fragment that lies entirely within the transcription unit of the HPRT gene were similar; the frequency in the 14-kilobase 754 fragment was -20% lower. The rates ofrepair in the two strands of the HPRT fragment differed significantly. Within 7 hr after treatment with 1.2 FM BPDE, 53% of the adducts had been removed from the transcribed strand, but only 26% from the nontranscribed strand; after 20 hr, these values were 87% and 58%, respectively. In contrast, only -14% of the BPDE adducts were lost from the 754 locus in 20 hr, a value even lower than the rate ofloss from the overall genome (i.e., 38%). These results demonstrate strand-specific and preferential repair of BPDE adducts in human cells. They suggest that the heterogeneous repair of BPDE adducts in the human genome cannot be accounted for merely by the greatly increased rate of the repair specific to the transcribed strand of the active genes, and they point to a role for the chromatin structure.
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UV-induced cyclobutane dimers are excised more rapidlyi.e., preferentially-in the actively transcribed genes of rodent and human cell lines than in inactive genes or in nontranscribed segments of DNA or in the overall genome of the cells (1) (2) (3) . Furthermore, in these mammalian cells as well as in Escherichia coli, such lesions are excised faster in the transcribed strand of actively transcribed genes than in the nontranscribed strand of these genes (4) (5) (6) . These results led the investigators to hypothesize that nucleotide excision repair is coupled to gene transcription. Indeed, a factor responsible for such coupling has recently been partially purified from E. coli cell extracts (7) .
Although the existence of such heterogeneous repair of cyclobutane dimers from the DNA of mammalian cells is well documented, the applicability ofthis model to bulky chemical residues covalently bound to DNA (adducts) is unclear and controversial. The results of our studies of the effect of excision repair in diploid human cells on the strand distribution of the principal premutagenic lesions induced by (±)-7f3,8a-dihydroxy-9a,10a-epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene (benzo[a]pyrene diol epoxide, BPDE) showed that in the absence of repair, such lesions are located in both strands of the coding region of the hypoxanthine (guanine) phosphoribosyltransferase (HPRT) gene, but after 12 hr of repair, no premutagenic lesions remain in the transcribed strand (8, 9) . These results provide biological evidence of strand-specific repair of BPDE adducts in the human HPRT gene.
Strand-specific repair could also account for the strand bias for BPDE-induced premutagenic lesions observed in the adenine phosphoribosyltransferase gene (10) and the dihydrofolate reductase (dhfr) gene of repair-proficient Chinese hamster ovary (CHO) cells (11) . However, Tang et al. (12) , using the technique developed by Bohr et al. (1) to detect lesions present in specific genes, but using E. coli UvrABC excinuclease to recognize and incise bulky chemical adducts, found no difference in the rate of repair of DNA adducts formed by a structurally related compound, N-acetoxyacetylaminofluorene, in the active and nonactive (nontranscribed) regions of the dhfr gene of CHO cells. More recently, Tang and Zhang (13) reported that BPDE-induced DNA adducts also are not preferentially removed from the active region of the dhfr gene of CHO cells.
The present study was designed to measure the ability of human cells to remove BPDE adducts from either strand of the HPRT gene to see if strand-specific repair occurs. We also tested for preferential repair of BPDE adducts by comparing the rate of their removal from an active gene, HPRT, and an inactive locus (14) on the same chromosome, the 754 locus. To investigate these questions, we synchronized repair-proficient diploid human fibroblasts and treated them with BPDE in early G1 phase so there would be a long period for excision repair before semiconservative DNA replication. The cells were harvested immediately or after various times, and the DNA was extracted and assayed for lesions in the HPRT gene. Using UvrABC excinuclease, which specifically and quantitatively incises at least 80o of BPDE-DNA adducts in human genomic DNA (15) , and using Southern blotting and hybridization with probes specific for the individual strands of the HPRT gene, we quantified the initial numbers of BPDE adducts formed in the two strands and the numbers remaining at various times after treatment.
We found no significant difference in the initial frequency of BPDE adducts formed in the two strands of the HPRT fragment, but the rates of removal of adducts from the two Abbreviation: BPDE, (+)-7p,8a-dihydroxy-9a,10a-epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene (benzo[a]pyrene diol epoxide). 1To whom reprint requests should be addressed.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. strands differed markedly. The transcribed strand was repaired significantly faster than the complementary strand; furthermore, the rate of excision repair of BPDE adducts in the 754 locus was slower still, even slower than the rate of loss of radiolabeled BPDE adducts from the genome overall.
MATERIALS AND METHODS
Cell Culture and Synchronization. Diploid human male fibroblasts from foreskin of a neonate (16) were cultured in Eagle's medium containing 10% supplemented bovine calf serum (HyClone). Cells were driven into the Go state by density inhibition and nutrient depletion as described (17) . To stimulate the cells to reenter the cell cycle, they were released from confluence and plated in culture medium at a density of 104 cells per cm2. The time of onset of S phase after release from Go was determined by the incorporation of
[3H]thymidine into acid-insoluble material as described (17) .
BPDE Treatment and Post-Treatment Incubation. Five hours after release from Go (in early G1), the cells were rinsed with phosphate-buffered saline (PBS) and treated with 1.0 or 1.2 AM BPDE as described (8) . Cells were lysed immediately after treatment or incubated for up to 24 hr in fresh medium. Isolation and Purification of DNA. Cells were washed with PBS and lysed in lysis buffer containing 50 mM Tris HCI (pH 8.0), 10 mM EDTA, 100 mM NaCl, 0.5% SDS, and proteinase K at 100 ,ug/ml. The cell lysates were incubated at 500C for 8-16 hr. The DNA solution was extracted with equal volumes of phenol, phenol/chloroform (1:1, vol/vol), and chloroform. DNA was precipitated with EtOH, resuspended in TE buffer (10 mM Tris HCI, pH 7.5/1 mM EDTA), and treated with RNase A (50 ug/ml) for 2 hr at 370C. The DNA was reextracted as above and precipitated with EtOH. After centrifugation, the pellet was dissolved in TE buffer at 0.2 gg/,ul. The purified DNA was digested with BamHI or EcoRl (5 units/,ug of DNA) at 37°C for 3-5 hr. The completion of digestion was verified by electrophoresis of the samples on agarose minigels. The digested DNA was purified by extraction and precipitation as above.
UvrABC Excision Reaction. The UvrA, UvrB, and UvrC protein subunits were prepared as described (18) . Ten micrograms of DNA from cells that had been allowed various lengths of time to excise BPDE adducts was used for repair analysis. As an internal standard, 5 pg of linearized plasmid DNA containing a fragment of the gene to be probed was added into each DNA sample. This mixture was divided in two; one half was exposed to UvrABC excinuclease, the other to excinuclease buffer alone. The excinuclease reaction mixture was composed of 5 ,ug of restriction endonucleasedigested genomic DNA plus 17 pmol of each of the three subunits of UvrABC in a final volume of 250 1,l of buffer containing 50 mM Tris HCI (pH 7.5), 10 mM MgCl2, 75 mM KCl, 2 mM ATP, 1 mM dithiothreitol, and bovine serum albumin at 1 ,ug/,. At the end of 1 hr of incubation at 37°C, the reaction was stopped by adding proteinase K at 0.1 &g/dl and 0.1% SDS to each sample and incubating for 1 hr at 42°C. The DNA was purified by ultrafiltration using Centricon-30 tubes (Amicon) and precipitated with EtOH.
DNA Denaturation, Gel Electrophoresis, and Southern Blot
Analysis. The samples were dissolved in 90%o (vol/vol) formamide containing 0.025% bromophenol blue and incubated at 37°C for 30 min to denature the DNA. Immediately after incubation, the samples were electrophoresed at 2.5 V/cm for 16 hr in a 0.6% agarose gel. After electrophoresis, the DNA in the gel was stained, depurinated with acid by using standard procedures (19) , and transferred to a Zeta-Probe GT membrane (Bio-Rad) under the conditions recommended by the manufacturer. Hybridizations were performed in 20 ml of solution containing 50%O (vol/vol) formamide, 5 x SSPE (1x SSPE = 150 mM NaCI/10 mM sodium phosphate, pH 7.4/1 mM EDTA), 0.5% SDS, 0.02% Ficoll, 0.02% polyvinylpyrrolidone, 0.02% bovine serum albumin, denatured salmon sperm DNA (50 ,tg/ml), E. coli tRNA (100 ug/ml), and 2-3
x 107 cpm of 32P-labeled probe at 420C for 20-24 hr. The riboprobes used for strand-specific hybridizations to the BamHI fragment covering the 5' half of the HPRT genomic DNA were generated by using the method described by Melton et al. (20) , with the modifications suggested by Boehringer Mannheim. DNA probes for the 754 locus were labeled with [32P]dNTPs by random primer extension (21) . After hybridization, the membranes were washed at 60'C with a final wash step at 0.1 x SSPE/0.1% SDS and exposed to Kodak XAR-5 x-ray films with intensifying screens. Hybridization Probes. Plasmid pG2Pa (22) , constructed by subcloning a 1.4-kilobase (kb) EcoRI-Xho I fragment containing sequences from the first intron of the human HPRT gene into the vector pGEM2, was provided by A. C. Chinault (Baylor College, Houston). It contains the SP6 and T7 promoters. RNA transcripts synthesized by the SP6 and T7 polymerases hybridize with the transcribed and nontranscribed strands ofHPRTgenomic fragment, respectively. The 2.0-kb HindIII fragment of the 754 locus (23) was a gift from L. H. F. Mullenders (Leiden University, The Netherlands).
Quantitation. The intensities of bands were quantified by using the Bio-Image Visage 110 system (Millipore). The intensity of the full-length fragment band was normalized with the internal standard band referred to above. The average number of UvrABC-sensitive sites per fragment was calculated by the Poisson distribution equation as described by Bohr and Okumoto (24) . These calculations took into consideration the nonspecific incisions produced by the UvrABC excinuclease, which ranged from 0.05 to 0.15 incisions per 10 kb in the present experiments.
Determination of the Number of BPDE Adducts Bound to Cellular DNA. Generally tritiated BPDE (specific activity, 464.7 mCi/mmol; 1 Ci = 37 GBq) was obtained from Chemsyn Science Laboratories, Lenexa, KS, as a tetrahydrofuran solution. The methods used to determine the number of adducts remaining in the genome have been described (25) .
RESULTS
Determining Delay in Onset of DNA Replication Induced by BPDE. In our study of the effect of excision repair on the strand distribution of premutagenic BPDE adducts in the human HPRT gene (8, 9) we synchronized the cells by releasing them from the Go state and plating them at 104 cells per cm2. Using incorporation of tritiated thymidine, we showed previously (17) that under these conditions, untreated cells begin DNA replication =16 hr after release from confluence, but exposure to BPDE should delay the onset of S phase. Before analyzing the rate of removal of BPDE adducts from the DNA of treated cells, we synchronized the cells, plated them into a series of dishes at 104 cells per cm2, and after 5 hr, exposed them to 1.0 or 1.2 mM BPDE and measured incorporation of tritiated thymidine at various times after treatment for up to 24 hr. In the untreated population, DNA replication began 11 hr later-i.e., -16 hr after release from Go; in the treated population there was no incorporation of thymidine whatsoever at any time during the next 24 hr-i.e., during the 29 hr after release from Go (data not shown). The total absence of semiconservative DNA replication after exposure of the synchronized cells to 1.0-1.2 ,uM BPDE simplified the assay of repair because there was no dilution of parental DNA with daughter DNA in the BPDEtreated populations during the period of interest-i.e., for at least 24 hr after treatment.
Determining repair time period to be assayed. After 5 hr, the cells were treated with BPDE and populations were harvested immediately or after the designated times. For each time point, DNA was extracted from treated and control populations, digested with the appropriate restriction enzyme, and treated with UvrABC excinuclease or incubation buffer. The samples were denatured under neutral conditions as described (12) to avoid the possibility of DNA strand breaks formed nonenzymatically at the sites of any alkali-labile N7-guanine adducts (26) . The samples were then separated on agarose gels and analyzed by Southern hybridization using gene-or strand-specific probes.
Evidence of Strand-Specific Repair of BPDE Adducts in Human Cells. Using this method, we measured the initial number of BPDE-induced lesions formed in the individual strands of the 20-kb BamHI fragment of the human HPRT gene, as well as their rate of disappearance. This fragment is located in the 5' half of the gene and is entirely within the transcription unit (Fig. 1) . To avoid detection of homologous pseudogenes containing HPRT exon sequences (27), we used riboprobes complementary to intron sequences of the gene. Representative autoradiograms of such repair studies are shown in Fig. 2 A and (Fig. 1) of the transcriptionally inactive 754 locus, using a 2.0-kb probe labeled by the random priming method. The autoradiogram of that study is shown in Fig. 2C . The data are given in Table 2 and plotted in Fig. 3 . The initial frequency of adducts formed by 1 treatment, only -14% of the adducts were removed from this region, compared to 87%o and 58% from the transcribed and nontranscribed strands of the HPRT gene, respectively.
We also measured the rate of removal of tritiated BPDE adducts from the overall genome of synchronized cells exposed to 1.2 mM BPDE under the same conditions as used for the above studies and harvested immediately or after 7 or 20 hr. The initial level of adducts was 64 per 106 nucleotides (1.3 per 20 kb). After 7 hr, 27% of the adducts had been removed; after 20 hr, 38% had been removed (Fig. 3) . DISCUSSION We determined the formation and rate of repair of BPDE adducts in the individual strands of the single-copy singleallele HPRT gene of diploid human cells and found evidence of strand-speciflic repair, with the transcribed strand being repaired faster than the nontranscribed strand. These data support our hypothesis that strand-specific repair is responsible for the difference in strand distribution of the premutagenic guanine lesions observed in repair-proficient human cells treated in S phase and such cells treated in GI phase (8, 9) . Although strand-specific repair of UV-induced cyclobutane pyrimidine dimers is well documented (4) (5) (6) , evidence for such repair of other kinds of DNA damage is limited. Recently, repair of aflatoxin Bl-induced damage in the transcribed strand of an active human metallothionein gene was (28) . However, the rate of removal of pyrimidine dimers from the nontranscribed strand of active genes was similar to that from both strands of the 754 locus (23, 30) . Little is known about the mechanism(s) of repair of damage in the compact chromatin where the inactive genes are located. However, the lack of repair of dimers in the inactive genes of group C xeroderma pigmentosum cells (23, 31) , which repair active genes at a normal rate, is consistent with a requirement for an additional factor to enable the repair enzymes to reach DNA damage in such chromatin. If so, our results suggest that this factor functions less efficiently for processing some bulky adducts, such as the BPDE adducts, than for dimers. But we cannot rule out the possibility that the observed difference in the rates of repair of BPDE adducts in the nontranscribed strand of HPRT and in the 754 locus resulted from preferential removal of BPDE adducts from the nontranscribed strand of the active gene compared with the removal from the genome overall.
Since the majority of the genome contains nontranscribed sequences, the average rate of repair of BPDE adducts in the overall genome should be similar to that in the inactive 754 locus if the rate of repair of such adducts is homogeneous in all of the inactive regions. However, we found the removal of adducts from the 754 locus to be even slower than that from the genome overall, suggesting that the efficiency of repair varies among the inactive regions. Heterogeneous rates of repair among various inactive regions have also been reported with aflatoxin B1 (28) and methylnitrosourea (32) , suggesting that the rate of repair of certain adducts in the inactive regions is influenced by the structure of the DNA and/or the compactness of the chromatin where the sequence is located.
In contrast to our results, Tang and Zhang (13) reported no difference in rate of removal of BPDE adducts from the transcriptionally active and the 3' nonactive regions of the dhfr gene of CHO cells. The reason for the discrepancy between these two studies is not known, but the cell types used and the genes examined differ, and Tang and Zhang used a higher concentration of BPDE. Furthermore, we compared the rate of repair of damage in an active gene to that in an inactive locus, while they assayed the actively transcribed segment of the dhfr gene and its 3' nontranscribed region. In certain genes the region in which the preferential repair occurs is larger than the entire transcription unit (33) . Therefore, it may be that, unlike repair of cyclobutane dimers (34) , repair of BPDE adducts extends beyond the transcribed section of the dhfr gene into its 3' nontranscribed flanking regions. Another possible reason for the discrepancy is that Tang and Zhang used probes from double-stranded DNA, whereas we used single-stranded riboprobes. Use of the former gives information on the average rate of repair in the two DNA strands, which would lessen the difference detected.
To use Southern blotting for studies of repair rates, one needs to introduce an average of one UvrABC efficiently recognizable lesion per fragment analyzed, but not more than two. Under our conditions, 1.0 ,uM BPDE yielded a mean of 1.4 UvrABC sites per 20-kb fragment. This level of damage reduced the colony-forming ability of the cells to <0.01% of the control, but during the 20 or 24 hr after BPDE treatment, =90%o of the cells remained attached to the dishes. Note that such cells were able to remove almost all the UvrABC sites from the HPRT gene within the 24 hr after BPDE treatment, even though the majority of them would eventually die.
The levels of BPDE adduct formation in each strand of the HPRT gene were very similar, indicating no strand-specific modification. However, the frequency in the 754 locus was only 80%' of that in the HPRT gene. Certain chemical carcinogens, including BPDE, react preferentially with regions of DNA that are sensitive to DNase 1 (35, 36) , suggesting a binding preference for actively transcribed genes. But it has also been reported that reactive metabolites of benzo[a]pyrene bind preferentially to DNase I-resistant regions of chromatin (37) . Still others report that a transcriptionally active gene and an inactive gene are similarly modified by a series of polycyclic aromatic compounds (38) . In any event, chromatin accessibility need not be the only explanation for the slightly lower binding frequency we observed in the 754 locus. The G-C content of a fragment can also affect the binding, since BPDE binds almost exclusively to guanine (39) . Information on the G-C content of the 754 locus is not yet available.
In summary, our data show that human fibroblasts carry out preferential and strand-specific repair of BPDE adducts in the HPRT gene. Our finding that adduct removal from the inactive 754 locus is slower than from the genome overall indicates that the efficiency of repair in the various inactive regions of the genome is also heterogeneous.
